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ABSTRACT
Star-formation within galaxies appears on multiple scales, from spiral structure,
to OB associations, to individual star clusters, and often sub-structure within these
clusters. This multitude of scales calls for objective methods to find and classify star-
forming regions, regardless of spatial size. To this end, we present an analysis of star-
forming groups in the local group spiral galaxy M33, based on a new implementation
of the Minimum Spanning Tree (MST) method. Unlike previous studies which limited
themselves to a single spatial scale, we study star-forming structures from the effective
resolution limit (∼ 20 pc) to kpc scales. Once the groups are identified, we study
their properties, e.g. size and luminosity distributions, and compare them with studies
of young star clusters and giant molecular clouds (GMCs). We find evidence for a
continuum of star-forming group sizes, which extends into the star-cluster spatial scale
regime. We do not find a characteristic scale for OB associations, unlike that found in
previous studies, and we suggest that the appearance of such a scale was caused by
spatial resolution and selection effects. The luminosity function of the groups is found
to be well represented by a power-lawwith an index,−2, the same as has been found for
the luminosity and mass functions of young star clusters, as well as the mass function
of GMCs. Additionally, the groups follow a similar mass-radius relation as GMCs.
The size distribution of the groups is best described by a log-normal distribution, the
peak of which is controlled by the spatial scale probed and the minimum number
of sources used to define a group. We show that within a hierarchical distribution,
if a scale is selected to find structure, the resulting size distribution will have a log-
normal distribution. We find an abrupt drop of the number of groups outside a galactic
radius of ∼ 4 kpc (although individual high-mass stars are found beyond this limit),
suggesting a change in the structure of the star-forming ISM, possibly reflected in the
lack of GMCs beyond this radius. Finally, we find that the spatial distribution of Hii
regions, GMCs, and star-forming groups are all highly correlated.
Key words: galaxies: individual: M33, galaxies: star clusters
1 INTRODUCTION
Studies of star-forming regions in galaxies have found ev-
idence for a fractal or hierarchical nature of the distri-
bution of star-forming sites, similar to that of the ISM
(e.g. Elmgreen & Salzer 1999). This complicates the some-
what more simple picture of star-formation that occurs
in either compact star clusters or loose associations. The
terminology used to describe star-forming groups (young
massive clusters, OB associations, scaled-OB associations
or SOBAs) reflects the idea that multiple distinct enti-
ties exist and are fundamentally different from each other.
However, nearby OB-associations (e.g. Orion OB1) often
contain sub-structures (Blaauw 1964) and multiple dis-
tinct clusters along with a general background of star-
formation (Elmegreen et al. 2000). Young clusters in turn
are often made up of distinct sub-clusters (see review in
Elmegreen 2006a). Even within the extreme environments
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2of merging galaxies, young star clusters appear as part of
larger groups, or complexes, which in turn are often part
of even larger structures (Zhang, Fall, & Whitmore 2001,
Bastian et al. 2006). Thus, evidence is rather pointing to
a continuum of star formation sites. It is within this con-
text that we ask the question, what are the demographics
of star-formation?
The hierarchical clustering of young luminous stars was
first noted by Efremov (1984) inside the 30 Dor super asso-
ciation (by eye) and for the whole LMC by Feitzinger and
Braunsfurth (1984), using an objective method. The issue
of whether or not a preferred scale exists for groupings of
young stars has been widely discussed since then. For exam-
ple, Efremov (1995), Bresolin et al. (1998), and Pietrzyn´ski
et al. (2001) have found a preferred size of about ∼ 100 pc
(diameter) for OB-associations, whereas Elmegreen & Efre-
mov (1996, 1998)1 and Efremov & Elmegreen (1998) con-
cluded that no such characteristic scale exists, the observed
one being nothing but an artifact of selecting stars of more
or less similar age.
It has been shown that the molecular gas within galax-
ies displays scale-free mass and size distributions, suggestive
of a hierarchical nature (e.g. Elmegreen & Falgarone 1996).
Thus, if star-formation passively traces the gas distribution
we would expect young stars to also be organised in a scale-
free/hierarchical way, hence most star-formation sites should
not be isolated. Embedded young clusters in the Galaxy ap-
pear to show multiple scales of correlation, making it diffi-
cult to define a single ’cluster’ or where the ’cluster’ ends
and the general background of star-formation begins (e.g.
Gutermuth et al. 2005). Again, these star-forming regions
are generally not isolated but part of larger structures, where
the size of these larger structures is defined by the observer
when they judge which groups appear correlated, i.e. appear
to have a similar age within some defined tolerance (Efremov
& Elmegreen 1998).
Humphreys & Sandage (1980) identified 143 associa-
tions in M33 and found a mean diameter of 200 pc. How-
ever Ivanov (2005) suggested a characteristic size (diame-
ter) of OB associations in M33 of 60 − 100 pc, suggesting
that resolution effects may play an important role. Part of
the debate on a characteristic size scale is due to a lack of
a universal definition of OB-associations and clusters, and
where boundaries between these two groups (and larger col-
lections of OB-associations) are drawn (e.g. Elmegreen &
Efremov 1998). In this work we will use the same terms as
laid out in Battinelli, Efremov, & Magnier (1996) and refer-
ences therein. Groupings of sources found on any scale will
be generally termed ”groups”. More specifically we will re-
fer to groups with sizes (radii) less than 15 pc as clusters,
groups with sizes ∼ 15− 100 pc as associations, and groups
with sizes of a few hundred pc as complexes. However, as will
be shown, these definitions are somewhat arbitrary and the
observations suggest a continuum of star-formation sites.
In order to address the question of the demographics
of star-formation, we have further developed an objective
method to identify and categorise star-forming regions, re-
gardless of scale. Our approach is scale independent and
1 In the latter paper, existing as e-preprint only, the complete
history of the issue is given.
therefore should be able to identify structure within struc-
ture (i.e. a hierarchy) if present. Based on Minimum Span-
ning Trees, which have already been extensively used to
study star-forming groups (e.g. Battinelli 1991, Bresolin et
al. 1998, Pietrzyn´ski et al. 2001), we have furthered the gen-
eral technique, which avoids the pitfalls of choosing a charac-
teristic size scale for the search. We choose the nearby spiral
galaxy M33 as our first case study, presented here. Its prox-
imity allows individual massive stars to be observed from
the ground, and a recent survey (Massey et al. 2006) has
provided full coverage of the entire optical disk. At the dis-
tance of M33 (assumed here to be ∼ 800 kpc; Lee et al. 2002,
somewhat closer than the 840 kpc found by the HST Key
project - Freedman et al. 2001) one arcsecond corresponds
to ∼ 3.9 pc.
Finally, Ivanov (2005) studied the distribution of OB
stars in M33 and found that 70% of these stars are assoc-
itated with the centres of Hii regions, confirming the gas
rich environments that young stars find themselves in. In
the present work we will also compare the distribution of
the star-forming sites, Hii regions and the giant molecular
clouds.
This work is organised in the following way: in § 2 we
introduce the dataset and selection criteria used to select
young massive (OB) stars. In § 3 we introduce the method
(fractured Minimum Spanning Trees) to identify and study
the distribution of the OB stars. The size distribution and
the idea of a characteristic scale of OB associations are dis-
cussed in § 4, while in § 5 we present the results and dis-
cussion, in particular the relation between the found groups
and dense clusters as well as giant molecular clouds. In § 6
we present models of a fractal distribution of stars and the
resulting size distribution when using the fractured Mini-
mum Spanning Tree method. Finally, in § 7 we summarise
our main results.
2 OBSERVATIONS: M33
We extracted our M33 dataset from the UBVI ground-based
survey of local star-forming galaxies, recently published by
Massey et al. (2006). We refer the reader to this paper for
details on the observations, data reduction, and photome-
try2. Due to the proximity of M33 we were able to probe to
relatively faint absolute magnitudes. We corrected for fore-
ground galactic extinction, assuming 0.227, 0.181, 0.139 and
0.081 mag in the U, B, V, and I bands, respectively (Schlegel
et al. 1998). In order to focus on young star-forming regions
we applied colour and magnitude cuts of (B − V )0 < 0.5
and MV < −4.5 mag. These cuts were chosen to mimic pre-
vious studies (e.g. Bresolin et al. 1998). An example colour-
magnitude diagram of a star-forming region in M33 is shown
in Fig. 1, where the dashed box marks the boundaries corre-
sponding to our colour and magnitude selection criteria. Ad-
ditionally, we show three stellar isochrones from the Padova
models (Girardi et al. 2002 and references therein) of solar
metallicity and ages of 7, 10, and 32 Myr. Our reddening cor-
rection does not include a contribution from internal extinc-
tion within M33. Massey et al. (2007) find that an additional
2 The data are available at:
http://www.lowell.edu/users/massey/lgsurvey.html.
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AV∼0.22 should be included on average to take the latter
into account, however this would be only valid as a statis-
tical correction, given that the correction for any individual
source is uncertain. The additional extinction term would
effectively raise our faint magnitude limit from MV = −4.5
to ∼ −4.3 mag as well as shift our colour-cut ∼ 0.07 mag to
the red, allowing a relatively small number of sources with
redder colours to enter our selection box.
The constant cut in magnitude corresponds to a variable
cut in both initial and present-day mass of the stars, depend-
ing on their ages. For example, the minimum (initial) stellar
mass found with the chosen selection criteria (assuming no
extinction) is 18.5, 15.7 and 8.8 M⊙ for the three ages shown
in Fig. 1. The fraction of stars which pass our criteria (as-
suming a continuous star-formation rate, a Salpeter (1955)
IMF, and solar metallicity) normalised to the peak value as
a function of age is shown in Fig. 2. For a continuous star-
formation rate within a given region, 65, 73, 89 and 98% of
sources are expected to be younger than 20 Myr, assuming
extinctions (AV ) of 0, 0.25, 0.5 and 0.75 mag, respectively.
Thus our selection criteria limit us to studying massive star-
forming regions younger than 70 Myr old, although prefer-
entially selecting young, low-extinction regions.
One important caveat to note is that extinction may
move sources out of our selection box. Due to the present
colour cuts (see Fig. 1) only groups with relatively low ex-
tinction are found. However, an expansion of our selection
box (in colour-magnitude space), automatically implies the
inclusion of a larger number of older (>50-100 Myr) sources
with low extinction, adding noise to our results.
An additional complication to our selection criteria
is posed by the presence of foreground stars. Massey et
al. (2006) estimate that ∼ 40% of stars with (B–V)0 between
0.3–1.0 and V0=14.6–19.6 are foreground objects. However,
these contaminating stars should not significantly affect our
results for two reasons. First of all, many (perhaps the ma-
jority) of foreground stars in the range quoted above fall out-
side our selection box. This is shown in Fig. 1 where there
does appear to be contamination in the bottom right of our
selection box, however most sources fall just to the right of
the selected region. We therefore expect that the majority
of the objects in our sample are true high-mass young stars
associated with M33. A second reason is that foreground
stars should be spread randomly over the field. The algo-
rithm we use to selects groups of stars (described in the next
section) requires any group to be composed by a minimum
number of sources, Nmin. In this paper we adopt Nmin = 5,
drastically reducing the probability of chance alignments of
field stars to dominate a group’s population. We can there-
fore conclude that, in the worst case scenario, the addition
of a random distribution of ”non-legitimate” sources to our
dataset would only have the effect of raising the noise level of
our results, without causing a bias in a particular direction.
3 FRACTURED MINIMUM SPANNING
TREES (FMST)
In order to objectively study the spatial distribution of
young stars in M33 we constructed a Minimum Spanning
Tree (MST) of all the sources that pass our selection crite-
ria in the galaxy. The MST method connects all points to
Figure 1. The colour-magnitude diagram of a star-forming region
south of the nucleus of M33. The dashed box shows our selection
criteria. Stellar isochrones for three different ages are shown.
Figure 2. The fraction of stars which pass our selection criteria
assuming a continuous star-formation rate, a Salpter (1955) IMF
and solar metallicity, normalised to the peak value. Using our
selection criteria ((B − V )0 < 0.5 and MV < −4.5) 65% of the
selected sources are expected to be younger than 20 Myr. This
increases to 73%, 89%, and 98% if the extinction in each group is
AV = 0.25, 0.5, and 0.75 mag respectively.
their nearest neighbour such that the total length of all con-
necting segments is minimised without forming any closed
loops, and all sources are connected to the same tree. The
resulting MST can then be fractured by applying a break-
ing criterion Dbreak, whereby all connecting segments longer
than Dbreak are removed, leaving us with a sample of iso-
lated groups. The question of how to choose Dbreak has
been considered previously, with the aim of setting an unam-
biguous and reproducible length scale. The most commonly
applied Dbreak is that described by Battinelli (1991), in
which a histogram is constructed of the number of asso-
ciations (i.e. groups) found as a function of Dbreak (for a
given minimum number of sources which defines a group).
The Dbreak chosen for the analysis is set to the distance
in which the histogram peaks. This technique has the ad-
vantage of providing a uniquely determined Dbreak, but is
c© 2005 RAS, MNRAS 000, 1–12
4severely limited by it being resolution-dependent, as will be
described below.
In order to prevent an artificial length scale from en-
tering our data, we have fractured our MST of M33 using
multiple Dbreak, from 19 pc to 252 pc in 13 equal steps. The
lower value was chosen according to the resolution limit of
the data (i.e. smallest distances where multiple sources could
be resolved). This allows us to see all levels of the hierar-
chy and compare our results directly with other studies. An
additional parameter to be considered is the minimum num-
ber of sources which is required to identify a region, Nmin.
In this work, we will use Nmin =5 unless otherwise stated.
However, when appropriate, we will describe the effect of
different values of Nmin on our conclusions.
Once the groups are isolated (i.e. by applying the
adopted Dbreak) their centres are defined as the mean of
the position vectors marking the locations of all source be-
longing to a given group. In most groups the centres calcu-
lated by our algorithm fall on or around a potentially eye-
estimated centre. A small fraction of the derived groups,
however, show extremely irregular structures, such as (e.g.)
long, thin tails, causing the calculated centre to fall outside
the main body of the group. The radii of the groups are de-
fined to be equal to half that of the distance between the
two furthest sources in the group, regardless of whether the
connecting line passes through the adopted centre.
Figure 3 shows all of the groups found with five or more
sources for Dbreak= 58 pc (circles, blue) and Dbreak= 39 pc
(filled green dots). The size of the circle represents the de-
rived radius of each region. We note however that this is
just a representation of the actual derived groups, as few
groups are circular. The boxed region is shown in more de-
tail in Fig. 4, where we show all the groups found for three
Dbreak values. The sources which appear to only belong to
the lower levels of the hierarchy (i.e. Dbreak= 19 or 39 pc)
actually were also found by the higher levels, however only
the lowest level is shown. By the nature of the region find-
ing routine, any group found by the smallest search size is
automatically found by the larger search sizes, with equal or
larger radius. The derived groups can overlap in Figs. 3 & 4
only because of their representations as circles.
A total sample was then constructed by combining all
thirteen Dbreak and removing groups which were found by
multiple Dbreak. In particular, if a group had exactly the
same position and radius between different Dbreakvalues, it
was only counted once. Smaller groups which were found in-
side larger ones were kept in order to preserve the signature
of a hierarchy. When results from the individual Dbreak are
discussed, all groups are included, regardless of whether they
were identified by multiple Dbreakvalues (i.e. each Dbreak is
treated independently of all others).
4 SIZE DISTRIBUTION
Once the regions have been found and catalogued, we can
begin studying their general properties in order to determine
their demographics and compare them to gas/dust clouds in
the ISM from which they presumably formed.
Figure 5 shows the cumulative radius distribution of
the star-forming groups found using different breaking dis-
tances, Dbreak, as well as the total sample (i.e. where each
Figure 3. The positions of all the sources that passed our criteria
are shown as black points. Groups found with the Dbreak= 58 pc
criterion are shown, along with a circle representing their radii.
Groups found with the Dbreak=39 pc criterion are shown as green
dots. The boxed region is shown in more detail in Fig. 4.
Figure 4. A blowup of the boxed region shown in Fig. 3. Here
Nmin= 3 to highlight the number of small groups.
region has only been counted once). All results shown in
Fig. 5 only use groups in which five or more sources were
found, i.e Nmin=5. The effect of Nmin on the results will be
discussed in § 4.1. In order to quantify the results we fit a
log-normal function of the form:
f(R) =
p0
Rp2
√
2pi
exp
[
−
(
(lnR− p1)2
2p22
)]
(1)
which corresponds to a cumulative distribution of:
N(> R) =
p0
2
[
1− erf
(
lnR − p1
p2
√
2
)]
, (2)
where R is the radius of each group, and p0, p1, and p2
are the number in the distribution, the natural log of the
mean value in the sample, and the dispersion in e-foldings,
respectively.
The dashed lines in the plot represent log-normal fits
c© 2005 RAS, MNRAS 000, 1–12
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Figure 5. The size distribution derived from the M33 sample.
Only groups with five or more members (Nmin=5) are included in
the figure. The results for three different Dbreak are shown, along
with the total sample (i.e. the combination of all Dbreak with the
doubles removed). The dashed (red) lines represent log-normal
fits to the data, which do an excellent job in reproducing the
observations. In this data representation, a power-law distribution
would be a straight line, which clearly does not fit the data.
to the data. In this representation, a power-law distribution
of the form NdR ∝ R−ηdR would be a straight line in the
plot, which clearly does not accurately represent the data.
Power-laws are often used as parameterised fits to data, in
particular size distributions, however it is difficult to dif-
ferentiate between a power-law and a log-normal function
unless a sufficient range (generally greater/approximately
than two dex) is covered by the variable which is being fit.
We will discuss the significance of this result is Sec-
tions 5.3 & 5.5.
4.1 A preferred size?
4.1.1 The role of the breaking distance
Previous studies, e.g. Bresolin et al. (1998), have suggested
a characteristic distance scale in the size distribution of OB
associations. Bresolin et al. (1998) have estimated this scale
to be ∼ 40 pc in radius based on studies of spiral galaxies
between 6 and 14 Mpc away, using HST-WFPC2 data, and
a similar technique as the one applied here. The technique
adopted for the above study, was the prescription given in
Battinelli (1991), namely the construction of a minimum
spanning tree broken using multiple values of Dbreak. How-
ever, their approach to the problem was fundamentally dif-
ferent from ours, in that the multitple Dbreak values (or in
their terms ”search radii”) were applied in order to deter-
mine a preferred Dbreak, corresponding to the value which
returned the largest number of groups. Only the preferred
Dbreak found in this way was then used in their further
analysis.
The use of multiple Dbreak values puts us in a
favourable position with respect to previous studies that
used a single Dbreak. The data in Tables 1 & 2 of Bresolin et
al. (1998) clearly shows that the mean radius of the groups of
which they find within each galaxy and their Dbreak (”search
radius”), change as a function of the distance to the galaxy,
suggesting that resolution effects may be at play.
In order to compare our results to previous studies, we
show the size distribution of regions in M33 for three differ-
ent Dbreak (Fig. 6). A turnover in the size distribution is
clearly seen in our figure; the radius at which this turnover
occurs decreases for smaller Dbreakvalues. It is interesting to
note that a 39 pc breaking bistance (which mimics that used
in the Bresolin et al. (1998) sample), results into a mean ra-
dius of ∼ 46 pc, consistent with average radius of 40 pc,
as measured in their study. Additionally, we note that the
mean (i.e. ep1 in the functional form fit to the cumulative
radius distribution) increases in an almost one-to-one way
with increasing Dbreak.
The lowest value of Dbreak used (19 pc) in the current
study is dictated by the resolution limit of the catalogue
(∼ 5”) in order to detect at least five bright sources. This im-
plies that, naturally, our fractured MST (fMST) algorithm
is unable to pick up the large number of young stars con-
tained in dense clusters below our resolution limit, as these
will all be blended and appear as single sources. Presum-
ably, if higher resolution data is used the size distribution
of the star-forming groups would continue to much smaller
sizes, running seamlessly into the star cluster distribution. It
should be noted, however, that the star cluster distribution
does appear to have a preferred size, with a turn-over in the
radius distribution at 2 − 4 pc (e.g. Bastian et al. 2005a,
Jorda´n et al. 2005, Scheepmaker et al. 2007). We will return
to this point and its significance in § 5.3.
4.1.2 The role of the minimum number sources used
As discussed above, previous studies have concluded that
there exists a characteristic scale of star-formation, namely
that of the OB associations, typically with radii of 40–60 pc.
However, we showed above that a combination of a chosen
Dbreak and resolution effects, can mimic a characteristic
scale length. Here we investigate the role of the adopted min-
imum number of sources required to define a region, Nmin.
As described in § 3 the use of multiple Dbreak should
preserve the signature of the hierarchical nature of star-
formation, if present. Thus, the analysis adopted here should
have no preferential size associated with it, except in regard
to the relation between the number of sources within a re-
gion and its size (which will be discussed in § 5.2).
Following on the results of the previous section, we
constructed histograms of the radii (binned in logarithmic
steps) for different selection criteria on Nmin, running from
3 to 25 sources. We then fit a Gaussian to the distribution
and the size at which the Gaussian peaks vs. Nmin is shown
in Fig. 7. Clearly, as Nmin decreases so does the turnover ra-
dius. The solid (red) line in the figure is a geometric fit to the
data for M33. Extrapolating to smaller values of Nmin we see
that the turnover falls below 10 pc, the regime of compact
clusters. The mean and median of the distributions both
show the same behavior as shown in Fig. 7, suggesting that
the values of mean and median diameters found previously
for OB associations were controlled by the selection criteria
and resolution of the data.
Thus we are left to conclude that no preferential scale
exists for OB associations, or star-forming groups. This is
not necessarily at odds with observations of Hii groups in
galaxies, such as M51 which shows a turnover in their size
distribution at 10–15 pc in radius (Scoville et al. 2001).
Due to the size-luminosity relationship found by Scoville et
c© 2005 RAS, MNRAS 000, 1–12
6Figure 6. The size distribution derived from the M33 sample for
three different Dbreak. Only groups with five or more members
(Nmin=5) are included in the figure. Note that the turn-over in
the distributions shifts to smaller sizes for smaller Dbreak.
Figure 7. The turn-over in the radius distribution as a fuction of
the minimum number of stars used to define a group. All groups
have been combined (i.e. the total sample has been used, see text
for details). The plot shows the distance at which the gaussian
fit of the size distribution peaks (e.g. as shown in Fig. 5), plotted
against Nmin. The squares represent the results for M33. The solid
(red) line is a geometric fit to the data. Clearly, as the number of
sources drops so does the turn-over.
al. (2001) for the Hii groups, smaller groups are less lumi-
nous, hence closer to the detection limit. If these groups have
the same average extinction as found for the larger groups
(AV=2.5) they will be shifted below the detection limit,
and hence not appear in the extinction corrected sample.
In fact, the extinction corrected luminosity distribution of
Hii groups in M51 has a steep decline at LHα = 10
37 ergs/s,
which corresponds to a diameter of ∼ 25 pc (Scoville et
al. 2001), exactly at the point of the turnover, suggesting
that incompleteness is playing a crucial role.
In § 6 we will further discuss the implication of the
log-normal distribution and how it naturally occurs when
selecting a specific size scale to study within a hierarchical
distribution.
5 RESULTS
5.1 Luminosity function
Studies of young star clusters, from the relatively quiescent
solar neighbourhood to extreme starbursts have shown that
they form with a power-law mass function (MF) of the form
NdM ∝ M−αdM , with α ∼ 2.0 (e.g. Bik et al. 2003; de
Grijs et al. 2003). However, what is usually measured as a
proxy for the mass function is the luminosity function, LF.
In the presence of a (almost) single age population the LF
is equivalent to a MF. Studies of full cluster populations
often find a steeper LF index, α = 2.0 − 2.4 which may
be due to an age spread and an age-dependent extinction
(Larsen 2002) if the underlying mass function is truncated
(Gieles et al. 2006).
Looking at the luminosity function of stellar concentra-
tions in NGC 628, Elmegreen et al. (2006) find a power-law
distribution with index, α ∼ 2. In order to compare our re-
sults with previous works, we construct cumulative luminos-
ity distributions of star-forming regions in M33 for different
Dbreak. We then fit the slope (in a log-log plot) of the distri-
bution, which relates to α as 2.5*slope + 1. An example of
the routine is shown in Fig. 8 were we show the luminosity
distribution for four Dbreak. The solid lines (red) show the
best fit to the data over regions where the fit was carried out.
The dashed lines (blue) indicate an extension of the best fit
to larger luminosities. For the four values shown, we find an
average index of α = 2.15 ± 0.13, in good agreement with
previous results of stellar concentrations (i.e. groups) and
star clusters. The errors were found by deriving α for the
four Dbreak shown for different values of Nmin between 5
and 10. We note that the apparent increase in α for smaller
Dbreak is largely due to the Nmin chosen, since smaller
regions tend to have fewer sources, and hence lower total
magnitudes (see § 5.2).
Figure 8 appears to have a shallower slope (i.e a turn-
over) below MV ∼ −7.4 than what would be expected from
a continuous power-law for all cases shown. This is mostly
likely due to incompleteness effects. Since we require a min-
imum of five sources to define a group (i.e. Nmin=5) and we
have applied a magnitude limit of MV < −4.5 in our sample
selection, all groups which pass our selection criteria must
have MV < −6.25. However, most groups will have at least
one source significantly brighter than our selection criteria,
pushing this lower limit to brighter magnitudes. Hence, it is
not possible to determine an absolute detection limit, how-
ever the occurrence of the turnover at similar magnitudes
for all Dbreak considered, suggests that it is a completeness
limit effect.
We have also looked at the luminosity distribution of all
regions found by the fMST algorithm (eliminating double
detections, see § 3). Figure 9 shows the results for Nmin=5,
although we note that the slope is independent of this vari-
able. Assuming that the luminosity function is an appro-
priate tracer for the mass function, we see that the region
distribution is very similar to that observed for young dense
star clusters as well as giant molecular clouds (GMCs).
5.2 Mass-radius relation
If star-forming groupings do passively trace gas structure,
then we would expect them to share the same fundamen-
c© 2005 RAS, MNRAS 000, 1–12
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Figure 8. The cumulative luminosity distribution of groups in
M33 for four different Dbreak. MV (total) represents the mag-
nitude of all the sources identified within the group which pass
our selection criteria. In this representation, assuming a func-
tional form of N(L)dL ∝ L−αdL, the index can be found by
α = 2.5∗slope+1.
Figure 9. The same as Fig. 8 but now for the total sample. The
error in the slope was found by varying Nmin between 3 and 20.
tal properties as GMCs, except those which are affected by
dynamical evolution or the change from gas to stars. One
such property that is expected to be retained is the observed
mass-radius relation of GMCs, Mgmc∝ Rgmc2 (Solomon et
al. 1987). A similar relation was found for eleven large star-
forming regions in M51 (Bastian et al. 2005b). Using the
much larger sample found in the present work, we can search
for such a relation.
To first order, the number of sources in a group is di-
rectly proportional to its mass (assuming all groups are of a
similar age), as long as the stellar IMF is fully sampled (i.e.
sampling effects are not significant). In Fig. 10 we show the
measured radius (logarithm) vs. number of sources (loga-
rithm) within each group for four Dbreak. As in the previous
figures, the solid lines represent least-square fits to the data
where fits where carried out over the interval of the lines.
While there is significant scatter in each sample, a similar
trend as described in Bastian et al. (2005b) is found, i.e.
if we approximate the relation to a power-law of the form
N∝ Rζ , then ζ = 1.63− 1.96, whereas Bastian et al (2005b)
found ζ =∼ 2.
Figure 10. The radius of each group vs. the number of sources
within the group. The different coloured points represent the re-
sults for different breaking radii. The large symbols and error bars
represent the average number in that radius bin and the standard
deviation. The lines are the best fits through the data, with the
slopes for each one given in the panel.
This power-law is expected from a fractal distribution
of young stars (e.g. Elmegreen & Falgarone 1996). However,
it is worth noting at this point that a simple random dis-
tribution of sources on a two dimensional plane can also re-
produce the same index (i.e. the number of sources increases
directly with the surface area).
This is somewhat shallower than found for young stellar
regions in the LMC by Gouliermis et al. (2003), who used a
different technique. Fitting a power-law to their data gives
ζ > 2.5, possibly indicating a galactic dependence on the
star-forming region properties.
5.3 Relation to star clusters
Based on HST-WFPC2 data, Bastian et al. (2005a) showed
that the distribution of cluster radii in M51 can be approx-
imated by a power-law of the form NdR ∝ R−ηdR where
η = 2.2. However, using higher resolution HST-ACS images
and a much larger sample, Scheepmaker et al. (2007) find
that a single power-law does not accurately represent the
data. A log-normal distribution, like the one presented here,
is a much better fit to the data. The cluster population in
M51 shows a distinct peak in the size distribution (when
using bins of equal width on a logarithmic scale) at ∼ 3 pc.
A similar peak has also been found for young stellar clusters
in M101 (Barmby et al. 2006).
As shown in § 4 the size distributions of star-forming
groups in M33 are also well fit by a log-normal distribu-
tion, where the turn-over, or mean size, is determined by
the Dbreak and Nmin adopted. Elmegreen (2006a,b) has pro-
posed that dense star clusters simply represent the dense in-
ner part of a continuous hierarchy of star-formation within
galaxies. Thus, we conclude that the size distribution of the
groups in M33 extends into, and in fact becomes, the size
distribution of clusters, i.e. that clusters are simply com-
pact groups. Further support for this conclusion was given
in § 5.1, where it was found that the groups in M33 also share
c© 2005 RAS, MNRAS 000, 1–12
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suggesting a similar, if not identical nature.
One observed difference between the compact clusters
and the more extended regions discussed here, is that clus-
ters are known to lack a strong mass-radius relation (e.g.
Larsen 2004) whereas groups have a similar mass-radius re-
lation as GMCs. This difference may be explained due to
dynamical evolution of clusters, which due to their smaller
sizes, and hence smaller crossing-times, will evolve more
quickly (e.g. Elmegreen 2006a,b). This early evolution may
erase any natal mass-radius relation.
5.4 Comparison of the star-forming regions with
the Hii region distribution
Collections of massive stars are able to ionize the gas sur-
rounding them, thereby creating emission line regions, i.e.
Hii regions. Therefore, a test of the method used here is
to compare the spatial distribution of the star-forming re-
gions found with that of the Hii regions. For this compar-
ison we have compiled a list Hii of regions from the cat-
alogues of Boulesteix et al. (1974), Courte`s et al. (1987)
& Hodge et al. (1999). Figure 11 shows the positions of
the Hii regions (broken into two subsets, faint and bright
regions which correspond to 25-300% and > 300% of the
mean Hii region flux respectively) as well as the young stellar
groups (Dbreak= 58 pc, Nmin=3). The correlation between
the bright Hii regions and the stellar groups is excellent,
whereas many of the fainter Hii regions are not coincident
with any found stellar groups.
The cause of this is likely that the bright Hii regions are
powered by multiple massive stars, which if they occur in
relatively low-extinction regions, will be found by the fMST
algorithm. The fainter regions are most likely ionised by
only one or two massive stars (hence failing our selection
criterion which requires Nmin > 3 for identification of a
group), or numerous low-mass stars which do not pass our
colour-magnitude selection criteria.
In order to quantify the correlation between the groups
and Hii regions, we follow the same technique as Engargiola
et al. (2003) who compared the distribution of GMCs to Hii
regions in M33. Fig. 12 shows the fraction of groups (for
various Dbreak) which have at least one Hii region within a
given distance, ∆R, of the group centre. The results for a
randomly distributed population of Hii regions is also shown
(dash-dotted line) for comparison. We find that the two pop-
ulations (groups and Hii regions) are strongly correlated to
distances greater than 100 pc. This is very similar to that
found for GMCs in M33 (Engargiola et al. 2003), which will
be discussed further below. It is found that ∼ 20% of the
groups (for the Dbreak= 39 pc case) have an associated Hii
region within 20 pc of the group centre.
These results confirm the findings of Ivanov (2005) who
found a good, although not one-to-one, correlation between
Hii regions and OB stars in M33. Such a correlation is of
course not surprising, since Hii regions are powered by ion-
ising flux from massive stars.
5.5 Comparison with the GMC distribution
Thus far we have seen that the star-forming regions share
some characteristics with the GMCs. M33 is an interest-
Figure 11. The spatial distribution of the star-forming regions
(blue circles, Dbreak=58 pc, Nmin=3) as well as bright (large red
filled circles) and faint (small green filled cirlces) Hii regions.
Figure 12. The fraction of the groups (for various Dbreak) that
have at least one Hii region within ∆R of the group centre. For
comparison we also show the expected relation for a randomly
distributed Hii region sample (same number of Hii regions as the
sample used, distributed over an equal area). The groups and Hii
regions are significantly correlated over scales of at least 100 pc.
ing case in terms of its gas content, as it appears lacking
in GMCs (> 105M⊙) at galactic radii larger than ∼ 4 kpc
(Rosolowsky et al. 2007). Beyond this radius the gas appears
to be much more diffuse without large concentrations. We
can therefore ask the question: are dense, centrally concen-
trated, large clouds necessary to form the star-forming re-
gions found in this study, or are smaller or looser gas clouds
adequate?
In Fig. 13 we show the radial surface density of regions
found for different Dbreak. The distribution appears centrally
concentrated, similar to the GMC and diffuse molecular gas
in the galaxy (Rosolowsky et al. 2007). However, all three
distributions (the three Dbreak shown) show an abrupt trun-
cation at ∼ 4 kpc, similar to that shown by the GMCs. From
c© 2005 RAS, MNRAS 000, 1–12
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Figure 13. The radial distribution of the surface density of re-
gions found for three different Dbreak. Note the strong drop in
surface density at a galactic radius of ∼ 4 kpc, exactly where the
GMC distribution is truncated.
this we conclude that the star-forming regions (at least the
star-forming regions capable of producing high-mass stars)
trace the distribution and properties of the dense/high mass
molecular gas in M33. We note that molecular gas and Hii
regions are both found in the outer galaxy, but the absence
of both large groups of high mass stars and GMCs sug-
gests a sharp change in the structure of the star-forming
ISM not revealed in radial profiles of the molecular gas or
star-formation tracers.
In order to quantify how spatially correlated the star-
forming groups and the GMCs are we performed the same
test as was carried out for the Hii regions, namely by looking
at the fraction of groups found with a GMC within a given
distance ∆R. The resulting distribution is very similar to
that found for the Hii regions, indicating that GMCs and the
cataloged groups are correlated on scales of at least 100 pc.
The lower number of GMCs than Hii regions, however, does
give larger deviations on the random position tests, hence
slightly lowering the significance of the detected correlation.
6 FRACTAL STRUCTURE
If the star-forming regions are distributed in a fractal nature
throughout the galaxy, then the dimension of the fractal can
be retrieved by looking at the number of regions found as
a function of the breaking distance used (e.g. Elmegreen &
Salzer 1999, Elmegreen & Elmegreen 2001, Elmegreen et al.
2006)3. The results for M33 are shown in Fig. 14 for the
total sample, for three Nmin. The vertical dashed lines are
the critical lengths (defined to be the inverse square root
of the mean surface density of sources), where due to the
exponential disk of M33, we show the mean density at half
the maximum value (left line) and one-fourth the maximum
value (right line). Note that the distribution can be well
represented by a power-law above the critical length. An
3 Note that this is different than what is shown in Fig. 5 where
the size distributions of the regions for a given Dbreak is shown.
example of a power-law fit to the Nmin=10 distribution is
shown as a solid line (shifted vertically for clarity).
The distributions appear similar to that found by
Elmegreen et al. (2001) for a sample of eight galaxies and
Elmegreen et al. (2006) for NGC 628, although their tech-
nique differs from ours. Their method was based on smooth-
ing the original image with a gaussian kernel and counting
the number of regions found. This was carried out for seven
gaussian kernel sizes from 1 to 64 pixels. The similarity be-
tween their results for NGC 628 and those presented here
for M33 suggests that their gaussian smoothing length plays
a similar role as our Dbreak, locating star-forming structures
at a given length scale. Elmegreen et al. (2006) presented
a series of models of fractal distributions and showed that
an intrinsic fractal distribution will have a power-law shape
when viewed as in Fig. 14.
While such a comparison is not conclusive, it does sug-
gest that the star-forming groups in M33 are not distributed
randomly, but instead have structure on a large range of
scales, similar to that expected for a fractal distribution.
6.1 Models and the selection of a size scale
It remains to be seen how a fractal or hierarchical distribu-
tion of star-forming regions can result in a log-normal size
distribution. The first point to consider is that there are
two ways to define a size distribution. The first, adopted in
Fig. 5, is the distribution of group sizes which were found
with a given Dbreak (or the combination of these, as in the
total sample). An equally useful way is to study the num-
ber of groups found for a given scale, or Dbreak. The latter
is shown in Figure 14. However, observationally, these two
methods result in fundamentally different distributions, the
former results in a log-normal distribution while the latter
results in a power-law distribution.
In order to understand this phenomenon we have con-
structed a fractal distribution of sources (stars), using the
prescription given in Goodwin & Cartwright (2004). We
placed 3000 sources (stars) inside a spherical area with a
fractal distribution with dimension D=2.3. The sources were
then projected onto a plane, and the fMST algorithm was
run over the model set. The number of groups found for
each Dbreak is shown in Fig. 15, for five values of Nmin.
The dashed vertical line shows the critical length scale of
the simulations, (Ntotal/Area)
−0.5. Above this value the dis-
tribution is well approximated by a power-law, an exam-
ple fit (shifted in the y-axis for clarity) is shown as the
straight solid line. Below the critical length, the distribu-
tions are controlled by Nmin. This simple model confirms
the prediction of a fractal distribution given in Elmegreen
& Elmegreen (2001) and Elmegreen et al. (2006), that such
a distribution will have a power-law behavior.
Additionally, in Fig. 16 we show the size distribution of
groups found in our simulations for three different Dbreak. It
is clear that these groups follow a log-normal size distribu-
tion, just as was found for groups in the M33 sample (e.g.
Fig. 5). Thus we conclude that a hierarchical distribution
of sources (i.e. young massive stars in the observations) will
give a log-normal size distribution if a particular scale is
chosen to study.
This may explain the log-normal size distribution (num-
ber of clusters of a given size vs. size) observed for compact
c© 2005 RAS, MNRAS 000, 1–12
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Figure 14. The number of groups found (eliminating double
counts, i.e. for the total sample) for each Dbreak, and various
values of Nmin. The two vertical dashed lines represent the criti-
cal length for two different values of the mean surface density of
sources used to construct the MST, namely the value at half (left
line) and one fourth (right line) the peak central surface density
(see text for details). The solid line represents a power-law fit
to the data for the Nmin=10 case, for Dbreak values lager than
log Dbreak(pc) = 1.8, shifted vertically for clarity.
clusters (e.g. Jordan et al. 2005, Scheepmaker et al. 2007).
As discussed above, the clusters appear to be the continua-
tion of the hierarchy of the star-forming regions studied here.
Thus, if we choose to study the size distribution of groups
in the range of say 1 − 10 pc (i.e. clusters) then we would
naturally obtain a log-normal size distribution. Clusters are,
however, different than many of the groups here, as they are
the largest scale of the hierarchy that may be gravitationally
bound (although they are not necessarily so, e.g. Bastian &
Gieles 2006), thus potentially long lived. So, any scale im-
printed on them during their formation may remain, thus
explaining why old globular clusters (i.e. Jorda´n et al. 2005)
and young massive clusters (e.g. Bastian et al. 2005, Scheep-
maker et al. 2007) have a similar characteristic size. Put
another way, if this scale separates from the hierarchy (i.e.
structures on this scale remain bound while structures on
larger scales diffuse, and groups on smaller scales disrupt
or merge) then the resulting clusters will bear the imprint
of being a scale within the hierarchy, namely possess a log-
normal size distribution.
7 SUMMARY
We have studied star-forming regions in M33 using the pho-
tometric catalogue of Massey et al. (2006), and applying
an objective finding and categorising algorithm, fractured
Minimum Spanning Trees (fMST). Using colour and mag-
nitude cuts we have isolated young massive stars, and con-
structed a minimum spanning tree for these sources. We
then fractured the tree using thirteen breaking distances,
19 6 Dbreak 6 252 pc, to isolate star-forming regions of
various sizes.
A study of their properties allowed us to draw the fol-
lowing conclusions:
(i) The radius distribution of the groups does not have
a power-law distribution, but instead is well described by a
Figure 15. The number of groups found (eliminating doubles) in
the fractal simulations for different Dbreak. The different curves
represent different values of Nmin. The dashed vertical line is the
critical length of the simulation (see text), while the solid line
shows a power-law fit to the Nmin= 10 curve above the critical
length, shifted vertically for clarity. It is clear that the curves
are well represented by a power-laws above the critical length,
whereas below this length their form is dominated by the value
of Nmin.
Figure 16. The resulting size distribution of groups found in the
fractal simulation for three values of Dbreak. The size distribution
of groups selected for each Dbreak is well described by a log-
normal distribution.
log-normal function. The characteristic size (i.e. mean value)
of the radius distribution is determined by the Dbreak and
Nmin adopted.
(ii) Contrary to previous claims, we do not find any char-
acteristic scale in the star-forming groups sizes. Previous
claims of such a distinctive size scale are shown to be the
result of a combination of resolution and selection effects.
(iii) The luminosity function of the regions is well de-
scribed by a power-law of the form NdL ∝ L−α where
α = 2.00 ± 0.03. This is the same as found for star clus-
ter populations and similar to the mass function of giant
molecular cloulds.
(iv) There is a strong spatial correspondence between
bright Hii regions and the stellar groups. This suggests that
these Hii regions are powered by multiple high-mass stars.
Faint Hii regions, however, are often not found to be asso-
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ciated with the stellar groups found here, suggesting that
they are powered by single massive stars or multiple lower
mass stars that do not pass our selection criteria.
(v) We find a distinct truncation of the galactocentric
distribution of the regions at 4 kpc, the same as was found
for GMCs in this galaxy (Rosolowsky et al. 2007). However,
molecular gas and Hii regions are both found outside this ra-
dius, suggesting a change in the structure of the star-forming
ISM which is not seen in the radial profiles of the molecular
gas or star-formation tracers.
(vi) The spatial distributions of the GMCs, Hii regions,
and star-forming groups are found to be highly correlated
up to scales of > 100 pc.
(vii) The size distribution of the regions is consistent with
previous suggestions that the distribution of star-formation
in galaxies is hierarchical and fractal.
(viii) The method discussed here is comparable to
that of the Gaussian smoothing method of Elmegreen &
Elmegreen (2001) and Elmegreen et al. (2006), where our
parameter Dbreak plays a similar role to their smoothing
length. However, our method retains the information of the
individual sources within each region allowing for further
detailed study.
(ix) By the construction of simple three dimensional frac-
tals, projected onto a two dimensional plane, we have shown
that if a particular size scale, i.e. Dbreak, is chosen for study,
the resulting size distribution of the groups will naturally
be a log-normal distribution. If, however, one studies the
number of groups found for each Dbreak, the resulting distri-
bution will be a power-law as predicted by previous studies.
Both effects are seen in the star-forming groups of M33,
arguing for a hierarchical distribution of the star-forming
regions. Finally, we suggest that this affect may explain the
observed log-normal size distribution of star clusters.
We have limited our analysis to very young (domi-
nated by stars < 20 Myr old) groups. However, it has been
noted that these young groups are often contained within
larger and older groups - star complexes (e.g. Efremov 1979,
1995). These groups can be found using older stellar pop-
ulation tracers, such as Cepheid variables. Such older stars
are mostly not found in compact groups, presumably due to
the gravitationally unbound nature of star-forming groups
(which is considered in detail in Gieles, Bastian, & Ercolano
2007). However, these older stars are often associated over
scales of a few hundred parsecs (Efremov 1995) and will be
studied in detail for M33 in a future work.
We have seen that star-formation in M33 appears to be
hierarchical, with structures present on a multitude of scales,
from clusters and OB-assocations, to stellar complexes with
sizes of hundreds of parsecs. The question then is how far
down in scale does this hierarchy proceed? Higher-resolution
studies are thus required. These studies must be shifted out
of the optical, as the dynamical timescale of these systems
decreases as the scale decreases, and therefore we must trace
ever-younger populations which are generally more effected
by extinction. Near and mid-IR observations of active star-
forming sites in the galaxy offer a unique chance to study
the distribution of star-forming sites at parsec and sub-pc
scales.
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